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We report mass measurements of neutron-rich Ga isotopes in the A ≈ 84 region crossing the
N=50 neutron shell closure with TRIUMF’s Ion Trap for Atomic and Nuclear science (TITAN).
The measurements, employing a multiple-reflection time-of-flight mass spectrometer, determine the
masses of 80−85Ga with uncertainties between 25 − 48 keV; the masses of 84Ga and 85Ga were
measured for the first time. The new mass values reduce the nuclear uncertainties associated with
the production of A ≈ 84 isotopes by the r -process for astrophysical conditions consistent with the
blue kilonova observation following the GW170817 binary neutron star merger. This allows for a
nuanced comparison to the solar r -process residuals, which shows that binary neutron star mergers
might have the potential to be the dominant source of light r -process elements.
Since the first discovery of a binary neutron-star sys-
tem (PSR1916+16) by Hulse and Taylor [1], it has been
speculated that the merger of two neutron stars is a
promising site for the production of heavy elements by
the “rapid neutron capture process” or r -process [2–6].
This process is currently considered to be responsible for
the formation of roughly half of the stable elements in
the universe heavier than iron [7]. However, an obser-
vation of the r -process at its sites was elusive until very
recently.
The r -process in mergers provides a unique elec-
tromagnetic signature due to the radioactive decay
of the freshly synthesized material known as kilo-
nova/macronova [8–12]. Except for a few candidates e.g.
[13–17] such signatures were not clearly observed.
The situation changed dramatically with the obser-
vations of the gravitational waves from the merger of
a binary neutron star (BNS) system (GW170817) by
the LIGO-Virgo collaboration [18, 19] on August 17,
2017, and the subsequent detection of the electromag-
netic counterpart (AT2017gfo) [20]. The optical, infrared
and ultraviolet spectra of the electromagnetic counter-
part and their temporal evolution agree very well with the
macronova/kilonova model, thus constituting the first
direct evidence that heavy elements, including the lan-
thanide region, were synthesized in this event by the r -
process [21–24]. Moreover, the early blue emission of
AT2017gfo [25–28], consistent with electron fractions of
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2around Ye ≈ 0.25 − 0.4 [29–31], suggest the production
of intermediate mass r -process nuclides in the vicinity of
the first r -process abundance peak around mass A ≈ 80.
Similar conditions are also expected in magnetorotational
supernova [32, 33], that are also considered as possible
sites for the r process.
Nucleosynthesis simulations of mergers [34, 35] and
magnetorotational supernova [32, 33] show that first r -
process peak elements can be produced under moderate
entropy, entropy per nucleon ∼ 20, and neutron-rich con-
ditions with electron-per-baryon ratios Ye ∼ 0.35. Under
such conditions alpha particles are not present and the
nucleosysnthesis proceeds by (n, γ) neutron captures in
competition with (γ, n) photodissociation reactions and
β-decay.
Due to the precipitous drop in neutron separation en-
ergy Sn, nuclei with closed neutron shells serve as waiting
points for the r -process. Thus particularly around closed
neutron shells sensitivity studies have shown strong de-
pendence of the final abundance pattern on nuclear
masses [36–38], β-decay rates [39–41], β-delayed neutron
emission [42], fission properties [43–45], (n, γ) reaction
rates [41], as well as to statistical quantities like strength
functions and level densities [46]. In addition nuclear
masses are fundamental for the calculation of neutron
capture rates. To determine whether the ejecta respon-
sible for the blue kilonova of AT2017gfo is also the site
for the origin of elements in the A ≈ 80 range requires
neutron star merger r -process simulations with accurate
nuclear physics properties. Here we present new exper-
imental results for the masses of 80−85Ga, spanning the
N = 50 neutron shell closure, that significantly reduce
nuclear physics uncertainties for the synthesis of A ≈ 84
nuclei in kilonova r -process models.
Neutron-rich Ga isotopes were produced by a ≈
480 MeV, 10µA proton beam impinging on a UCx target
[47] at the Isotope Separator and ACcelerator (ISAC)
facility [48]. TRIUMF’s Ion Guide Laser Ion Source
(IGLIS) [49] was used to suppress surface-ionized con-
taminants by a factor of 105 − 106 and resonantly laser
ionizes the Ga isotopes of interest [50]. The contin-
uous, mass-separated, beam was accumulated, cooled
and bunched in TITAN’s Radio Frequency Quadrupole
(RFQ) cooler-buncher [51] and ion bunches were sent
to TITAN’s Multiple-Reflection Time of Flight Mass-
Spectrometer and isobar separator (MR-TOF-MS)[52],
capable of performing mass measurements of low count
rate species with relative uncertainties in the δm/m ∼
10−7 range [53, 54]. For the experiment the system was
operated at a 20 ms cycle time. The radio active beam
(RIB), containing predominantly singly charged Rb, Br
and Ga ions, was captured in the He buffer gas-filled RFQ
system of MR-TOF-MS and transported to a dedicated
injection trap. Naturally occurring Rb ions from a ther-
mal ion source were merged with the RIB via an RFQ
switch yard [55] to provide independent and unambigu-
0
10
20
30
40
11.6 11.7 11.8 11.9 12.0 12.1 12.2 12.3
0
100
200
300
332 turns
measurement time ~ 14 min
168Yb2+
 
 
 
C
ou
nt
s /
 1
.6
 n
s
IGLIS Laser OFF
 
measurement time ~ 2 h
IGLIS Laser ON 168Yb2+
 
Time of Flight - 6.005 ms ( s)
84Ga+
FIG. 1. Time-of-flight spectra obtained with the MR-TOF-
MS around 84Ga+ confirming the identification of 84Ga+ by
blocking the resonant IGLIS laser. The lower spectra shows
≈ 1200 84Ga+ ions from which the mass of 84Ga has been
determined. The red lines are fits to the data using Lorentzian
peak shapes.
ous calibration ions.
In order to reach high resolving power in the time-of-
flight mass spectrometer, the flight path of the ions is
extended by storing them for multiple isochronous turns
(IT) between two electrostatic ion mirrors [56], whereas
the spectrometer herein is based on [57, 58]. The time-of-
flight focus was aligned using a dynamic time-focus-shift
turn prior to the IT [59]. The RIB ions were stored,
depending on the mass number, between 330 and 372
IT in the mass analyzer resulting in flight times between
6.00 ms and 6.82 ms and yielding mass resolving powers
on the order of m/∆m ≈ 200 000 FWHM.
In the MR-TOF-MS, the mass of an ion is deter-
mined based on the non-relativistic relation between the
mass m, charge q, and the time of flight ttof needed to
travel a certain flight path. This relation simplifies to
m/q = c(ttof − t0)2. The measured time of flight ttof is
the sum of the real time of flight of the ion and a constant
delay t0 caused by signal propagating times through ca-
bles and electronic delays. Measuring the time of flight of
one or more reference masses with known m/q allows de-
terminiation of the calibration parameters c and t0. The
delay t0 depends on the system and data acquisition and
as such can be determined from an independent calibra-
tion measurement. It was determined from 85Rb+ and
87Rb+ ions undergoing only one time-focus-shift turn and
amounted to t0 = 116±3 ns. For the isobaric calibration
c a dominant species from the RIB was chosen; listed
in Tab. I. In order to account for time-of-flight drifts re-
sulting from temperature changes and instabilities in the
power supplies a time-dependent calibration was used ac-
cording to [60].
The resulting time-of-flight peaks are symmetric and
the corresponding Ga peaks at all mass units could be
clearly identified by their unique time-of-flight and by
3TABLE I. Mass measurements of singly charged Ga isotopes performed during this experiment using TITAN’s MR-TOF-MS in
comparison to the values reported in AME2016 [61], the sign # indicates extrapolated values therein. In addition the half-life
taken from [62] and the yields are reported for each Ga isotope as well as the number of isochronus turns (IT) the Ga ions were
stored in the mass analyzer and respective calibration species, adopted from AME2016.
Species t1/2 [62] Yield No. of Calibrant Mass ExcessTITAN Mass ExcessAME2016 Difference
(ms) (pps) ITGa (keV) (keV) (keV)
80Ga∗ 1900 2× 104 366 80Ge −59 212(48) −59 223.7(2.9) −12(48)
81Ga 1200 9× 103 373 81Br −57 616(31) −57 628(3) −12(31)
82Ga∗ 599 1.4× 103 382 82Rb −52 974(31) −52 930.7(2.4) 43(31)
83Ga 308.1 180 333 83Rb −49 258(25) −49 257.1(2.6) 1(25)
84Ga 85 13 332 84Rb −44 094(25) −44 090(200)# 4(202)#
85Ga 92 ∼ 1 360 85Rb −39 744(32) −39 850(300)# −106(302)#
∗ These measurements suffer from an unresolved isomeric state in either the Ga isotope of interest or the calibration species,
see text for description.
performing a measurement with and without the reso-
nant IG-LIS laser. This is shown in Fig. 1 for 84Ga. To
account for peak shape dependent effects, in particular
for nearby or overlapping peaks, two independent analy-
ses were performed, using Gaussian and Lorentzian line
shapes, similar to the procedure described in [54]. The
final error on the mass value for each species was calcu-
lated by quadratically adding: (a) the uncertainty from
the fitting algorithm (b) the statistical uncertainty of the
ion of interest, (c) the uncertainty of the calibration peak
and its uncertainty reported in the AME2016 [61] and (d)
a systematic uncertainty of δm/msyst = 3× 10−7 [63].
The systematic uncertainty was redetermined from accu-
racy measurements before and after this experiment of
85Rb+ and 87Rb+. In order to eliminate possible effects
from ion-ion interactions the number of ions was kept
below two detected ions per MR-TOF-MS cycle.
For the 80,82Ga measurements, additional systematic
effect had to be taken into account arising from unre-
solved isomeric states. A known isomeric state in 80Ga
with an excitation energy of 22.4 keV [64] could not be
resolved, whereas for 82Ga an unresolved isomeric state
in the calibration species 82Rb at 69 keV [65] had to
be considered. The final mass values, given in Tab. I,
were corrected and an additional uncertainty was added
in quadrature, according to the procedures described in
the AME2016 [66] for the treatment of unresolved iso-
meric states.
The final results obtained from direct mass measure-
ments with the MR-TOF-MS are summarized in Tab. I
and compared to the values given in the AME2016
[66]. For the mass values of 80−83Ga agreement, within
one standard deviation, is achieved compared to the
AME2016 value, which is based on previous measure-
ments performed by JYFLTRAP [67]. The masses of
84,85Ga were measured for the first time and are com-
pared to extrapolation given in the AME2016 [61]. Based
on the new mass values M we calculate the two-neutron
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FIG. 2. Measured (solid symbols) and extrapolated (open
symbols) two-neutron separation energies S2n for Z = 30 −
33 (Zn to As) as a function of neutron number taken from
AME2016 [61]. For comparison, S2n values based on the new
TITAN masses are shown (red).
separation energy S2n(N,Z) = M(Z,N − 2) + 2Mn −
M(N,Z), with Mn the mass of the neutron and compare
it in Fig. 2 to the neighboring isotopic chains. The clear
drop in S2n at the crossing of N = 50, associated with a
closed neutron shell, can be seen in the Ga isotopic chain.
To quantify the impact of the new mass values on the
first r -process peak and study the formation of A ≈ 80
nuclei, (n, γ) and (γ, n) reaction rates corresponding to
the extrapolated AME2016 [61] mass values of 84Ga and
85Ga were calculated within the associated 3σ uncer-
tainty, using the Hauser-Feshbach statistical code TALYS
[68]. For all possible combinations of masses within the
3σ uncertainty (n, γ) cross-sections have been calculated.
Combinations that would result in inverted odd-even ef-
fects for the neutron separation energies in the Ga iso-
topic chain were excluded. These cross-sections and mass
values were then used in two different nuclear reaction
4network codes, GSINet [36] and SkyNet [69], to calculate
the r -process abundances. Comparing final abundances
from the two network codes, showed that both predict
identical results. By using the whole range of mass values
within the 3σ uncertainty band and cross-sections based
on these mass values, an estimate for the uncertainties
in the final abundances could be obtained. Data from
JINA REACLIB [70] was used for nuclei not affected by
the new measurements. Additionally, β-decay rates and
β-delayed neutron emission branchings were taken from
the NUBASE compilation of experimentally determined
values [62] where available, including also recent updates
[71, 72] for Ga isotopes. Otherwise, values from the the-
oretical predictions [73] were used.
The astrophysical conditions used for the reaction net-
work were chosen to match possible conditions of the
recently observed blue kilonova observation in the af-
termath of the GW170817 merger. The thermodynamic
evolution was parametrized assuming a free homologous
expansion as in [34]. Starting from an initial temper-
ature of 6 GK and entropy of 10 kB/baryon the expan-
sion timescale was chosen to be 7 ms. Qualitatively,
our results are robust with respect to variations of the
initial entropy and expansion timescale within a factor
of two. The results of calculations within a range of
Ye = 0.35−0.38 were combined with equal weight. These
conditions are consistent with lanthanide-free ejecta and
provide the strongest contributions to the mass region of
interest around the first abundance peak.
The solar abundance pattern in the region of the first
r -process peak is associated with large uncertainties due
to admixtures of the weak- and main s-process. Since
82Se is shielded from contributions of the s-process and as
such requires an r -process source, it was used as a refer-
ence isotope. The outstanding features of the abundance
pattern in this mass region are the abundance peaks at
A = 80 and A = 84.
In Fig. 3 the solar r -process abundances are shown in
comparison to the abundances resulting from the nuclear
reaction codes after 1 Gyr, with error bars reflecting the
variation of the abundance arising from the uncertainty
of the extrapolated mass values of 84,85Ga within the
AME2016. The new mass values are affecting the abun-
dances of elements with mass number A = 82− 85 with
the biggest impact on A = 84. Furthermore, the uncer-
tainty of the production of the r -process-only reference
isotope 82Se is significantly reduced, which allows nor-
malization and is crucial for drawing quantitative con-
clusions about the production of elements in this region
by BNS mergers.
For combinations of mass values leading to a low neu-
tron separation energy of 85Ga, the formation of a A = 84
abundance peak is reduced and a rather smooth abun-
dance curve without a distinct peak forms (see Fig. 3
dashed blue line). Taking the new mass values into ac-
count all nuclear physics inputs required for the investiga-
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FIG. 3. (Color online) Final abundances averaged over cal-
culations with Ye = 0.35 − 0.38 compared to the solar r -
process residuals [74], with r -process uncertainties shown as
gray band. Blue crosses with error bars show the calculated
abundances and the effect of a variation of the nuclear masses
of 84,85Ga within 3σ of the AME2016 uncertainty. The dashed
and dotted lines indicate results with limiting cases of the
AME2016 uncertainties. Here, the dashed blue line shows
that within the uncertainty a relatively flat abundance pat-
tern without a distinct peak at A = 84 would be allowed, this
is ruled out taking the new masses of 84,85Ga into account
(red line with circles). The precision of the new mass values
does not result in a visible error bar.
tion of the A = 84 abundance peak have been measured.
As such the new mass values reduce the uncertainty of
the final abundance sufficiently and the formation of an
abundance peak at A = 84 produced under conditions,
that simultaneously produce the blue component of the
kilonova lightcurve following a BNS mergers, is clearly
established.
In addition, the reduced uncertainty of the new mass
values constrains the late time neutron capture rates for
the isotopes of Ga which are the most abundant at the
time of freeze-out.
The calculations show in general a good agreement
compared to the solar r -process abundance, particularly
for the A = 80 and A = 84 abundance peaks, but a strong
overproduction at A = 81 and possibly also A = 86 and
A = 87.
While the peak in the solar r -process residuals at
A = 80 results from the N = 50 neutron magic number,
this is not the case for the peak at A = 84. Interestingly,
84Ga does not contribute significantly to the formation of
the A = 84 peak in the final abundance pattern, due to
its strong β-delayed neutron emission branching of about
∼ 50% [71] and late neutron captures. For the condi-
tions studied here, the final abundance of 84Kr results
mostly from the decay of 85Ga, which is the most abun-
dant species in the Ga isotopic chain at the freeze-out
of the r -process due to odd-even effects, in combination
with its high β-delayed neutron emission branching of
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FIG. 4. (Color online) Time integrated reaction flows from
the freeze-out of the r -process at a neutron-to-seed ratio of
unity until the final abundances are established, relevant for
the nucleosynthesis in the mass regions A = 78 − 86. Most
abundant nuclei at freeze-out are marked with solid circles.
Grey filled squares indicate stable nuclei. Red squares in-
dicate nuclei for which reaction rates have been affected by
the 3σ uncertainties of the mass value of 84Ga and 85Ga,
while black ones indicate the abundance peaks at A = 80 and
A = 84, corresponding to 80Se and 84Kr. Color coded arrows
indicate the intensity of the flow.
around ∼ 70% [72]. The solar r -process residuals for
A = 86 and A = 87 are very uncertain, hence the dif-
ferences may not necessarily have a nuclear origin. The
A = 81 peak is produced mainly from β-delayed neutron
emission of 82Zn, whose half-live exhibits inconsistencies
in the literature (228 ms [75], 178 ms [76], 155 ms [77]).
Furthermore the masses of 83,84Zn, that determine the
neutron capture flow beyond 82Zn, are not experimen-
tally known.
The formation of the final abundance curve is illus-
trated by the nuclear reaction flow shown in Fig. 4, which
indicates the importance of β-delayed neutron emission
and late time neutron captures.
In summary, mass measurements of neutron-rich Ga
isotopes using TITAN’s MR-TOF-MS were able to val-
idate mass measurements of 80Ga to 83Ga and measure
the mass of 84Ga and 85Ga for the first time with un-
certainties between 25− 48 keV. By including these new
mass values in r -process nucleosynthesis calculations for
conditions prevalent in the ejecta of the GW170817 bi-
nary neutron star merger and other alternative scenarios
like magnetorotational supernova, we were able to re-
duce nuclear physics uncertainties sufficiently to demon-
strate that such conditions can be the dominant source of
light r-process elements, and in fact produce A = 80 and
A = 84 abundance peaks that are consistent with the so-
lar system r -process residuals. In order to investigate a
broader range of the abundance pattern for further con-
straining light r-process kilonova models, additional nu-
clear physics uncertainties will need to be addressed. In
particular, for reliable modeling of the abundance pattern
just above the A = 84 peak, experimental masses and β-
delayed neutron emission probabilities of more neutron-
rich Ga and Ge isotopes are needed.
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